The electrochemical conversion of NO x on non-impregnated and BaO-impregnated LSM15-CGO10 (La 0.85 Sr 0.15 MnO 3 -Ce 0.9 Gd 0.1 O 1.95 ) 5 porous cell stacks has been investigated, and extensive impedance analysis have been performed to identify the effect of the BaO on the electrode processes. The investigation was conducted in the temperature range 300-500 °C, a polarisation range from 3 V to 9 V and in atmospheres containing 1000 ppm NO, 1000 ppm NO + 10% O 2 and 10% O 2 . On the non-impregnated cell stacks no NO x conversion was observed at any of the investigated conditions. However, BaO impregnation greatly enhanced the NO x conversion and at 400 °C and 9 V polarisation a BaO-impregnated cell stack showed 60% NO x conversion into N 2 with 8% current efficiency in 1000 ppm NO + 10% 10 O 2 . This demonstrates high NO x conversion can be achieved on an entirely ceramic cell without expensive noble metals. Furthermore the NO x conversion and current efficiency was shown to be strongly dependent on temperature and polarisation. The impedance analysis revealed that the BaO-impregnation increased the overall activity of the cell stacks, but also changed the adsorption state of NO x on the electrodes; whether the increased activity or the changed adsorption state is mainly responsible for the improved NO x conversion remains unknown. 15 2 | Journal Name, [year], [vol], 00-00 This journal is
Introduction
In Europe the NO x -emission from the road transport has been significantly reduced during the last 10 years, mainly due to the introduction of the three-way-catalyst on gasoline vehicles 1 . Due to the negative impact of NO x -emissions on both human health and the environment 2 , a further reduction in the NO x emissions from the car fleet is desirable. However a major challenge in that connection is the increased number of diesel vehicles, as the conventional three-way-catalyst is incapable of removing NO x from diesel exhaust. For this reason much research is currently focused on NO x -removal technologies for diesel exhaust, the most heavily investigated technologies being selective catalytic reduction with ammonia (NH 3 -SCR), selective catalytic reduction with hydrocarbons (HC-SCR) and the NO x -storage and reduction (NSR) catalyst 3 . In all these three technologies there is the need for a reducing agent, either coming from operating the engine occasionally in an excess fuel to air-ratio (HC-SCR and NSR) or supplied by a separate system (NH 3 -SCR). A NO x removal technology without the need for the addition of a reducing agent would be simpler and therefore advantageous compared to the aforementioned technologies.
A suggestion for such a technology is electrochemical NO x removal, where the NO x is reduced to N 2 and O 2 by electrons supplied to a polarised electrode 4 . The technology is inspired by the finding in 1975 by Pancharatnam et al. 5 that NO can be reduced to N 2 during polarisation of a zirconia based cell in the absence of oxygen, and later it was shown by Cicero et al. 6 and Hibino et al. 7 that NO x also could be electrochemically reduced in the presence of oxygen. Since then several studies has been made in the field of electrochemical deNO x by different research groups [6] [7] [8] [9] [10] [11] [12] [13] . For electrochemical NO x removal to become a technology of practical interest, a first and major obstacle to be overcome is to find electrode materials with a sufficiently high activity and selectivity for NO x reduction 4 .
With respect to selectivity the major problem is the competing reduction of O 2 ; in eq. 1 the desired NO reduction on the cathode is stated and the competing O 2 reduction is stated in Eq. 2. In this work it is investigated if the conversion of NO x at 300-500 °C on LSM15-CGO10 composite electrodes can be increased by impregnating the electrodes with BaO. BaO is the most commonly used NO x storage compound in the NSR catalyst 14 , and the idea in this work is to increase the NO x conversion by up-concentrating the NO x on the electrode surface in the form of Ba(NO 3 ) 2 . Previous work by Li et al. 15 and Yoshinobu et al. 16 . CGO10 was chosen as electrolyte and component in the electrode, as the ionic conductivity of CGO10 is superior to the ionic conductivity of YSZ (Yttria Stabilized Zirconia) below 600 °C 19 . The non-impregnated and BaOimpregnated electrodes were investigated in a set-up with a porous 11-layer cell stack, as the large contact area between gas flow and cell stack in this set-up increases the conversion and makes it easy to detect any changes in the gas composition. Two complementary approaches were used to investigate the effect of the BaO-impregnation on the electrode performance. The one approach involved measurements of the NO x conversion as function of temperature, polarisation and gas composition. This approach was supplemented by an extensive impedance analysis aimed at clarifying which processes contributed to the polarisation resistance of the cell stacks, and how these processes were affected by the BaO impregnation.
Experimental:
Cell stack fabrication:
The 11-layer porous cell stacks consisted of 11 alternating layers of composite electrode (65 wt% LSM15 (Haldor Topsøe) and 35 wt% CGO10 (Rhodia)) and electrolyte (CGO10). The porous composite electrode layers were manufactured by mixing LSM15, CGO10, solvent (mixture of ethanol and butanone), binder (polyvinylbuyral), dispersant (polyvinylpyrrolidone) and pore former (graphite) into a slurry, ball mill the slurry and thereafter tape caste the slurry into green tapes of approximately 40 μm thickness, for more details see Hee et al 20 . The porous CGO10 layers were prepared in a similar manner, and subsequent the green electrode and electrolyte layers were laminated together and round cell stacks were stamped out. The cell stacks were sintered with the maximum temperature 1250 °C held for 4 hours and thereby achieved a diameter of ≈14 mm. Prior to mounting in the testsetup the cell stacks were painted with gold paste (ESL Electro-Science) mixed with 20% carbon (Graphit Kropfmühl AG), which was burned off at 800 °C in order to create porous gold current collectors on each side of the cell stack.
Impregnation
For impregnation of the porous cell stacks with BaO a 0.3 M aqueous Ba(NO 3 ) 2 (Merck) solution with 10 wt% P123 (BASF) was prepared. The cell stacks were covered with the Ba(NO 3 ) 2 solution and put under vacuum for ≈10 s, whereafter excess impregnation solution was wiped of the surface. The impregnated cell stacks were then heated to 700 °C for 1 h to decompose the Ba(NO 3 ) 2 into BaO. 700 °C was chosen to assure total decomposition, since a DTA experiments showed Ba(NO 3 ) 2 decomposed at 600-640 °C, even though the decomposition temperature reported by literature in general were lower, in the range 500-600 °C [21] [22] [23] .
Test-setup
For electrochemical cell testing the stack was mounted in between two alumina tubes, which contained channels for the gas flow and measurement probes for the electrochemical characterization. The cell and the alumina tubes were inclosed in a quartz tube and mounted vertically in a furnace. A sketch of the set-up is shown in Fig. 1 .
Electrochemical Testing and Conversion measurements:
During the tests the cell stacks were characterized by electrochemical impedance spectroscopy (EIS). The impedance spectra were recorded with a Gamry Reference 600 potentiostat in the frequency range 1 MHz to 0.001 Hz with 6 points pr. decade and 36 mV rms amplitude. The Gamry Reference 600 potentiostat was also used for polarisation of the cells during the conversion measurements. During the experiments the outlet gas from the cell stack was constantly monitored. The NO and NO 2 concentrations were monitored by a chemiluminiscense detector Model 42i High Level from Thermo Scientific, while the N 2 , N 2 O and O 2 concentrations were monitored with a mass spectrometer from Pfeiffer Vacuum, type Omnistar GSD 301SEM. In total five cell stacks were tested, two non-impregnated stacks named N1 and N2, and three BaO-impregnated stacks named B1, B2 and B3.
Test conditions
The conversion measurements were made at the flow rate 2 L/h in 1000 ppm NO and 1000 ppm NO + 10% O 2 in both cases with balance Ar. These concentrations of NO and O 2 were chosen as they resemble the concentrations which may be found in the exhaust from a diesel car 24 . It should be noted, that 1000 ppm NO + 10% O 2 are the concentrations set during the experiments, while in reality the gas composition will contains some NO 2 due to the equilibrium NO + ½ O 2  NO 2 . Moreover impedance measurements were recorded in 10% O 2 with balance Ar for comparison to impedance spectra recorded in NO containing atmospheres. The experiments were carried out in the temperature range 300-500 °C which is close to the expected temperature of diesel engine exhaust of 100-400 °C 25 . Polarisation experiments were made in the range 3-9 V. As each 11 layer cell stacks contain 5 "cells", the polarisation range pr. cell was 0.6-1.8 V.
SEM
Before and after testing the cell stacks were examined in a Zeiss Supra 35 scanning electron microscope equipped with a field emission gun. In order to obtain high magnification images of the electrode microstructure images were recorded with the inlens detector and 3 keV acceleration voltage on cells just broken and put directly into the microscope. On the non-impregnated cell stacks no conversion of NO into N 2 was observed during 3 V polarisation in the temperature range 300-500 °C, neither when the cell stacks were supplied with 1000 ppm NO + 10% O 2 nor when the stacks were supplied with only 1000 ppm NO. However, on the BaO impregnated cell stacks conversion of NO x into N 2 was observed both without presence of O 2 and in the presence of 10% O 2 . In Fig. 2 the results from the conversion measurement without O 2 in 1000 ppm NO on the BaO impregnated stacks are stated, the results are based on measurements on three different stacks. Fig. 2 shows the NO x conversion increases with temperature, and especially from 400 °C to 450 °C a significant increase in the conversion is observed from below 20% to above 60%. A significant increase in the current efficiency is also observed from 400 to 450 °C, as the current efficiency increases from 4% to 16%.
Results

Conversion and current efficiency
When the BaO impregnated cell stacks were supplied with 1000 ppm NO + 10% O 2 and polarised at 3 V the NO x conversion also increased with temperature, however the average NO x conversion achieved at 500 °C was only 4% and the corresponding current efficiency only 0.3%.
On one of the BaO impregnated cell stacks the influence of varying the polarisation between 3 V, 5 V, 7 V and 9 V was investigated at 300 °C, 400 °C and 500 °C. At each temperature the first measurements was made at 3 V whereafter the voltage was increased stepwise till 9 V was reached, each time with the voltage kept at the specified value for one hour, with a one hour break at OCV in between. After 9 V had been reached the measurements at 7 V, 5 V and 3 V were repeated while going down in voltage. The results for the NO x conversion are shown in Fig. 3 and for the current efficiency in increased from 0% at 3 V to 2% at -9 V. Contrary to this a distinct effect is observed from increasing the voltage at 400 °C, where the NO x conversion increased from 0% at 3 V to 61% at 9 V. Moreover an activation effect is observed at 400 °C on both NO x -conversion and current efficiency, as both had increased when the measurements at 7 V, 5 V and 3 V were repeated during the second half of experiment. For comparison a similar polarisation experiment was made at 400 °C on a nonimpregnated cell stack, but no formation of N 2 was observed not Fig. 7 Arrhenious plot of the sum of the low frequency processes resistance. The resistances were obtained from fitting of impedance spectra recorded in 1000 ppm NO + 10% O2 on non-impregnated (N1 and N2) and BaO-impregnated (B1, B2 and B3) cell stacks. even at 9 V polarisation. At 500 °C a distinct effect is again observed from increasing the voltage on the BaO-impregnated stack, the relative largest increase in NO x conversion per voltage increase is observed when the voltage is increased from 3 V to 5 V, which makes the NO x conversion increase from 4% to 93%. The measurement at 9 V is missing at 500 °C, as the corresponding current exceeded the maximum current of the Gamry Ref 600 Potentiostat and the experiment for this reason was interrupted. In general with respect to the current efficiencies they appear to be more or less independent on the voltage at 300 °C and 500 °C and do in no cases exceed 5%, whereas at 400 °C the current efficiencies clearly increase with voltage until 7 V, where it reaches a maximum value of ≈10%.
Deconvolution of impedance spectra
The impedance spectra recorded on the non-impregnated and the BaO-impregnated cell stack were all fitted with a serial resistance and a series connection of 3-4 sub circuits, each sub circuit containing a resistance and a constant phase-element in parallel. In general the process located at the highest frequencies was clearly separable from the lower frequency processes, which on the other hand were strongly overlapping in the impedance spectra. Due to the strong overlap in the low frequency region it was not possible to obtain a linear Arrhenious plot for the individual resistances in this frequency region. To enlighten the processes in the low frequency region the sum of the low frequency resistances (R 2 , R 3 and in some cases R 4 ) were instead plottet together. The Arrhenious plot of the serial resistance, R 1 and R 2 +R 3 +R 4 are shown in Fig. 5, Fig.  6 and Fig. 7 respectively. The serial resistance of the two non-impregnated cell stacks are in almost exact agreement, which is also the case for the resistance of the high frequency process (R 1 ) and the low frequency processes (R 2 +R 3 +R 4 ). This means good reproducibility is obtained for the non-impregnated cell stacks. The serial resistances of the BaO-impregnated cell stacks are very close to those of the non-impregnated, however with a tendency to be slightly lower. For the high frequency process the serial resistance is consequently lower for the impregnated cell stacks, the difference between non-impregnated and impregnated stacks being largest at low temperatures. For the low frequency processes some discrepancy is observed between the impregnated stacks, but in all cases the low frequency resistances are lower on the BaO-impregnated stacks compared to non-impregnated. One of the impregnated stacks (B3) shows an activation energy in the low frequency region similar to the activation energy of the non-impregnated stacks. The two other impregnated stacks show in the low frequency region a quite different behaviour, as the resistance show very little temperature dependency. At the highest measured temperature (500 °C), the resistance of all the impregnated cell stacks are quite equal.
For comparison to the just described resistances in the cell stack in 1000 ppm NO + 10% O 2 , the total polarisation resistance in non-and BaO-impregnated cell stacks subjected to only 10% O 2 is shown in Fig. 8 . A decrease in the polarisation resistance on the impregnated stacks similar to the one observed in 1000 ppm NO + 10 % O 2 is also observed in 10% O 2 . This indicates the BaO impregnation cause a general increase in the activity of the electrodes.
Characteristics of processes
In addition to the impedance spectra recorded during temperature variations impedance spectra were also recorded during variation Fig. 9 . Impedance spectra recorded on non-impregnated cell stack at OCV and during polarisation. The stack was at 400 °C and supplied with 1000 ppm NO + 10% O2. The stated frequencies are marked with closed symbols. The spectra labelled "OCV before" and "OCV after" refers are impedance spectra recorded at OCV immediately before and after impedance spectra were recorded under current load. Fig. 10 Impedance spectra recorded on BaO-impregnated cell stack at OCV during polarisation. The stack was at 400 °C and supplied with 1000 ppm NO + 10% O2. The stated frequencies are marked with closed symbols. The spectra labelled "OCV before" and "OCV after" refers are impedance spectra recorded at OCV immediately before and after impedance spectra were recorded under current load.
in gas composition, flow rate and polarisation. For the concentration variations the "standard" gas composition 1000 ppm NO +10% O 2 was varied first by changing the NO content to 1500 ppm and to 500 ppm while keeping pO 2 constant, whereafter the NO concentration was fixed at 1000 ppm NO while pO 2 was changed to 5% and 15%. These experiments were repeated at several temperatures on the cell stacks. During flow variations the standard flow 2 L/h was increased to 2.5 L/h and 3 L/h. The majority of the reported impedance spectra were recorded at OCV, but at 400 °C a series of impedance spectra were recorded under 0.1V, 1 V and 3 V polarisation on both the non-and the BaO-impregnated stacks. From the impedance spectra recorded at different conditions different characteristics could be found for the processes contributing to the polarisation resistance. These characteristics are listed for the nonimpregnated stacks in Table 1 and for the BaO-impregnated stacks in Table 2 . It should be noted the characteristics are stated for the 3 dominating processes observed at all temperatures, while a fourth process occasionally appearing at 500 °C is not included. In addition to the process characteristics listed in the tables the impedance spectra recorded during polarisation on the non-impregnated stack and BaOimpregnated stack are shown in Fig. 9 and Fig. 10 respectively, and show a profound change in the low frequency region during polarisation.
Degradation
On all the cell stacks an impedance spectrum was recorded at 300 °C in 1000 ppm NO + 10% O 2 at the very beginning of the test and at the end of the test, i.e. after the temperature variations, polarisation experiments etc, had been performed. From these spectra the serial and polarisation resistances were determined (Table 3 ) and the percentage change in R s , R 1 and R 2 +R 3 +R 4 during the cell tests was calculated (Table 4 ). The non-impregnated cell stacks and one of the BaO impregnated cell stacks (B3) activated during the cell test, as both R s , R 1 and R 2 +R 3 +R 4 decreased. A decrease in R s indicates an improved electric contact through the cell stack, but as the percentage change in the polarisation resistance differs from the percentage change in the serial resistances, improved contact cannot solely explain the changes observed in the polarisation resistances. The two BaO impregnated cell stacks, which had the lowest polarisation resistance in the beginning of the test (B1 and B2) , degraded during the test which caused a large increase in the resistance of the low frequency processes, while R s and R 1 decreased during the tests decreased as for the other cell stacks. It is worth noticing, that even though the BaO impregnated cell stacks have a very different initial performance and degradation behaviour, they all at the end of the cell test have a polarisation resistance significantly below the polarisation resistance of the non-impregnated stacks.
SEM microscopy
Representative SEM images from the microscopy investigation of the electrodes are shown in Fig. 11 . The SEM images of the non-impregnated electrodes before test (Fig. 11, a) show slightly rugged LSM15 grains in between smooth CGO10 grains. No evident differences are observed between the nonimpregnated electrode before test (Fig. 11, a) and after test (Fig.  11, b ). On the BaO impregnated electrodes before test (Fig. 11,  c) , the impregnated BaO is clearly visible as distinct particles located on the LSM15 grains. After testing the microstructure of the BaO impregnated electrodes had clearly changed, and three different kinds of microstructure were observed even within the same cell stack: electrode grains being almost entirely covered by nanometer sized, round and well-defined particles (Fig. 11, d) , electrode grains covered in a more "fluffy" structure ( Fig. 11, e ) and electrode grains covered entirely in flake-like particles (Fig. 11, f) . The weight load of BaO on the cell stacks used for the microscopy was 2±0.1wt%, which means differences in microstructure likely cannot be ascribed to differences in BaO weight load. Furthermore the SEM images showed a similar microstructure of the B1 and the B3 cell stacks, even though these stacks degraded/activated quite differently during the testing. 
Discussion
Processes on non-impregnated electrodes
Three processes were dominating the polarisation resistance of the non-impregnated electrodes. The high-frequency process was characterized by a temperature independent C ω with a value around 1·10 -7 F/cm 2 , a resistance independent on atmosphere and an activation energy of 1.08±0.01eV in 1000 ppm NO + 10% O 2 . These characteristics are consistent with characteristics reported in literature for processes related to transfer of oxygen ions between the perovskite and the electrolyte [26] [27] [28] . For the middle frequency process R increased with decreasing pO 2 which indicate O 2 or an O-specie is participating in the middle frequency process. The C ω of the middle frequency arc varied in the range 1·10 -5 -1·10 -4 F/cm 2 , a range in fairly good agreement with the capacitance associated with adsorption and dissociation of oxygen on composite cathodes 29 . The C ω of the middle frequency arc showed a strange behaviour with respect to the temperature dependency as the C ω increases from 300 °C to 400 °C and decreases from 400 °C to 500 °C, the observation was made on two different stacks. The best explanation of this observation is the middle frequency process contains contributions from two different processes, which change relative importance with temperature. The low frequency process is characterized by C ω increasing with temperature and decreasing pO 2 , and R decreasing with polarisation. This is consistent with the low frequency process being dependent on the vacancy concentration of the oxide electrode materials and/or the extension/broadening of the triple phase boundary zone. As the resistance of the low frequency process also increases with decreasing NO concentration, the process is ascribed to a NO x specie (NO or NO 2 ) which is adsorbing, diffusing on the surface or participating in charge-transfer related processes at or near the triple phase boundary. The presence of such a process on perovskite/CGO10 electrodes is in good agreement with previous findings in our group 28, 30 .
Processes on impregnated electrodes
The impedance spectra recorded on the BaO-impregnated cell stacks are dominated by three processes. The high frequency process shares several characteristics with the high frequency process observed on the non-impregnated cell stack, namely summit frequency range, a C ω around 1·10 -7 F/cm 2 and lack of dependency on gas composition. Therefore the high frequency arc is ascribed to the same process, as it also seems reasonable the process related to transfer of oxygen ions/intermediates between the perovskite and the electrolyte, should be visible for both non-impregnated and impregnated cell stacks. However, Fig. 6 showed the resistance of the high frequency process is consequently lower for the impregnated stacks. The decrease in the resistance could be related to the profound microstructural changes observed in the BaO impregnated electrodes observed in Fig. 11 . The characteristics of the middle frequency arc are C ω increasing with temperature and decreasing with decreasing pO 2 , while R decreases with polarisation. The difference in characteristics between the non-impregnated and BaOimpregnated samples makes it less probable the middle frequency process is the same on the two different kinds of cell stacks. Due to the dependency on temperature and polarisation the middle frequency process on the BaO-impregnated stacks is likely due to a triple phase boundary related process, but exactly which process and which species are involved cannot be determined from the available data. Finally the low frequency process on the BaO-impregnated sample show almost identical characteristics with the low frequency process on the nonimpregnated cell stack, the one exception being on the BaOimpregnated sample the C ω also depend on the pNO. Due to the similar characteristics the process is for the BaO-impregnated cell stack also ascribed to triple-phase boundary related adsorption, diffusion and/or charge transfer involving NO or NO 2 . However, an important difference between the non-and BaO-impregnated samples is the resistance of the process is much smaller on the BaO-impregnated samples, for instance at 500 °C approximately an order of magnitude smaller compared to the non-impregnated sample. The difference in the low frequency arc resistance to a large extent explains the decreased resistance in the low frequency region of the impregnated samples observed in Fig. 7 . It is suggested the decreased resistance of the low frequency process is due to NO/NO 2 getting adsorbed on the BaO in the form of Ba(NO 3 ) 2 rather than getting adsorbed on the LSM15 and/or CGO10 as in the non-impregnated cell stack. The implication of the difference in adsorption for the entire electrode process and NO x -reduction will be discussed in the next section.
Effect of BaO-impregnation on electrode processes and NO x conversion
In the previous two sections the electrode processes on the nonimpregnated and the BaO-impregnated cell stacks were identified and compared and it was suggested the difference in electrode processes in 1000 ppm NO +10% O 2 could be explained by NO x adsorbing either directly on the LSM15-CGO10 or on the BaO. From FTIR studies of NO x adsorption it is known that NO x at higher temperatures is adsorbed in the form of NO 3 -, and that the NO 3 formation is preceded by either NO/O 2 co-adsorption or NO 2 formation and subsequent adsorption, these observations has been made both on CGO10/ceria 31 , considering the findings from FTIR studies this is likely because NO 2 must be formed before adsorption/formation of nitrate on the electrode surface can occur, a step which necessarily must preceed the electrochemical reduction. Formation of NO 3 from NO 2 requires an Ospecie according to the reaction scheme NO 2 +O -→NO 3 -(or presence of an adsorbed O-atom and an electron).
For the non-impregnated electrode two of the identified processes were one related to O 2 adsorption and dissociation (Process 2) and one related to NO x adsorption/diffuse/charge transfer at the triple phase boundary (Process 3). This is in very good agreement with the expected mechanism, were O -/O(ads) needs to be formed (corresponding to Process 2), before NO 3 can be formed and react in the triple phase boundary region (corresponding to Process 3). With respect to adsorption of NO x on BaO and formation of Ba(NO 3 ) 2 , this process has been shown by FTIR to proceed fastest with NO 2 34 even though the exact mechanism of Ba(NO 3 ) 2 formation is still under discussion [35] [36] [37] . The reaction scheme for Ba(NO 3 ) 2 formation with NO 2 is BaO + 2 NO 2 + ½ O 2 → Ba(NO 3 ) 2 and in NSR catalysis this storage process takes place without involving any electrochemical steps. It is suggested that during electrochemical deNO x the NO x storage process also takes place without involving any electrochemical steps. This is supported by the fact that the polarisation resistance on the impregnated cell stack show no dependency on O 2 adsorption and dissociation related processes. By combining the results from the impedance analysis with the observation from the conversion measurements, which showed increased NO x conversion on BaO impregnated cell stacks, it becomes likely that the increased NO x conversion at least to some extent is due to the adsorption on BaO rather than on LSM15-CGO10, which establishes an easier reaction path for the electrochemical reduction of NO x in the cell stacks. The suggestion, that the NO x adsorption on the BaO impregnated cell stack proceeds via a route only dependent on O 2 (g) and not electrochemically enhanced O 2 adsorption/dissociation, does however not explain the increased NO x conversion in 1000 ppm NO without oxygen. A detailed impedance analysis was not carried out in 1000 ppm NO, as the very low oxygen partial pressure in 1000 ppm NO alters the stochiometry of the oxide electrode materials during time and this instability hinders a reasonable interpretation of the impedance spectra. However, the increased NO x conversion in 1000 ppm NO could be explained by the general increase in electrode activity caused by the BaO-impregnation. In the results section it was also shown the BaO-impregnation in general caused an increased electrode activity, as the BaOimpregnation also decreased the polarisation resistance in 10% O 2 , which is in agreement with the reportings on BaOcontaining cathodes being superior in activity to conventional LSM15 cathodes. Therefore it can from this work be concluded, that impregnation with BaO definitely increases the NO x -conversion on LSM15-CGO10 cathodes, but whether the increased conversion in 1000 ppm NO +10% O 2 mainly is caused by a change in adsorption state or by a general increase in electrode activity remains an unanswered question.
Degradation/activation behaviour of cell stacks related to microstructural changes
The SEM images showed profound changes in the microstructure of the BaO-impregnated cell stacks after testing. The microstructure appeared similar between cell stacks even though they degraded/activated differently during testing. Moreover the images clearly showed areas with different microstructure, which were characterized by 1) Round and well-defined particles, 2) "Fluffy" structure and 3) Flake-like particles. Eventually the differences in microstructure could be different stages of the same process going on the electrodes. A possible explanation of the microstructural changes could be the BaO may react with the electrode materials, LSM15 and/or CGO10, and form new compounds. A possible compound could be BaCeO 3 or BaCe 1-x Gd x O y , however it is hard from literature to estimate the risk for BaCeO 3 formation. In many studies CGO is used as electrolyte in connection with Ba-containing cathodes and none of the studies report BaCeO 3 formation below 900 °C [38] [39] [40] , however the aforementioned studies only consider the temperature effect on material stability and do not consider the effect of polarisation. With respect to the LSM studies some studies indicate there will be no reaction between Ba-containing compounds and LSM 41, 42 while the work by 
Conclusion
The electrochemical conversion of NO x on non-impregnated and BaO-impregnated LSM15-CGO10 porous cell stacks has been investigated, and extensive impedance analysis have been performed to identify the effect of the BaO on the electrode processes. Non-impregnated LSM15-CGO10 cell stacks were not capable of converting NO x into N 2 at any of the investigated conditions (300-500 °C, 3 V-9 V polarisation, 1000 ppm NO or 1000 ppm NO + 10% O 2 ). In contrast BaO impregnated cell stacks could convert NO x to N 2 , even in the presence of 10% O 2 , which shows NO x conversion can be achieved in an entirely ceramic, noble metal-free electrochemical cell. The NO x conversion to N 2 on the impregnated stacks was significantly enhanced when the temperature was increased from 300 °C to 400 °C or higher, and when the polarisation was increased from 3 V to 5 V or higher. The impedance analysis revealed that the BaO-impregnation both increased the overall activity of the cell stacks and also changed the adsorption state of NO x on the electrodes, which of the effects are mainly responsible for the increased NO x conversion remains unknown. The BaOimpregnated cell stacks showed a profound change in microstructure after testing, the cause of this change needs to be investigated further. Table 4 . Percentage change in serial resistance (R s ), resistance of the high frequency process (R 1 ) and the sum of the low frequency processes (R 2 +R 3 +R 4 ) between the start and the end of the test. The resistances are obtained from impedance spectra recorded in 1000 ppm NO + 10% O 2 at 300 °C. 
